AZO film deposition by ALD: The aluminum-doped zinc oxide (AZO) electrodes were deposited on glass substrates. The substrates were cleaned sequentially by acetone, isopropanol and de-ionized water using an ultrasonic cleaner (Branson 3510, Switzerland). The AZO films were then grown by atomic layer deposition (ALD) (system: Savannah 100, Ultratech). Further ALD deposition details are provided in the Supporting Information. 
substrates were rinsed in flowing deionized water for 5 min before being sonicated (Branson 5510) for 10 min each in successive baths of acetone and isopropanol. Note:
The clean substrates were not subjected to any UV-ozone treatment. The solutionprocessed ZnO layer (ETL) was deposited following the same conditions described above for the reference ITO-based PSC devices.
The blend solutions of polymer donor (PCE10; purchased from One Material) and fullerene acceptor (PC 71 BM; purchased from Nano C) were prepared in a nitrogen-filled glovebox. The polymer and fullerene counterparts were dissolved in chlorobenzene (CB), with 1,8 diiodooctane (3 vol%) being added as processing-additive, and the blend solutions were stirred for 12 hours at 70 °C. The active layers were spin-cast at room temperature from an optimum donor and acceptor blend ratios of 1:1.5 (wt/wt) and a solution concentration of 35 mg mL -1 (spin-speed: 2,500 rpm for 30 s; programmable spin-coater from Specialty Coating Systems (Model G3P-8)), resulting in films of ca. 100 nm in thickness. The samples were then allowed to dry at room temperature for 1 hour.
Next, the samples were placed in a thermal evaporator for evaporation of a 7-nm layer of MoO 3 evaporated at 0.5 Å s −1 and a 120-nm layer of silver evaporated at 5 Å s −1 , at a pressure less than 1×10 -7 Torr. Following electrode deposition, the samples underwent J−V testing.
Thin film absorption:
The UV-vis absorption spectra of PCE10 and PC 71 BM thin films on glass substrates were recorded with a Cary 6000i (Varian) UV-vis-NIR spectrophotometer equipped with an integrating sphere.
PSC device characterizations:
The J-V measurements were performed in a nitrogenfilled glovebox equipped with a Keithley 2400 source meter and an Oriel Sol3A Class AAA solar simulator calibrated to 1 sun, AM1.5 G, with a KG-5 silicon reference cell certified by Newport. The external quantum efficiency (EQE) measurements were performed at zero bias by illuminating the device with monochromatic light supplied from a Xenon arc lamp in combination with a dual-grating monochromator. The number of photons incident on the sample was calculated for each wavelength by using a silicon photodiode calibrated by NIST.
The light intensity measurements were performed via PAIOS 2.1 instrumentation 
Additional information for AZO film deposition
The schematic ALD setup used for the AZO depositions is shown in Figure S1a . Commercial trimethyl aluminum (TMA, Sigma Aldrich product # 663301) and diethyl zinc (DEZ, Sigma Aldrich product # 668729) were used as the element precursors of Al and Zn, respectively. All precursors were used as received. Deionized water (DIW) was used as oxidant. Nitrogen (N 2 ) was used as carrier gas, the flow was set as 20 sccm during deposition. The base pressure was ca. and one metal precursor pulse (DEZ or TMA). The AZO films were deposited by introducing one TMA cycle between several DEZ cycles; the Al content in the final AZO film can be tuned by changing the DEZ and TMA cycle ratio (DEZ/TMA ratio). Table S1 shows the detailed TMA and DEZ deposition pulse sequence for the AZO films shown in Figure 1a -c (main text). The chamber temperature was set to 200 o C for this batch of AZO samples. All AZO films involved 900 DEZ cycles; the number of TMA cycles changed and depended on the DEZ/TMA ratio; the thickness for the AZO films was measured by reflectometry and the film thickness estimates are provided in Table S1 . After optimizing the DEZ/TMA ratio, the deposition temperature of the AZO films was studied, while the DEZ/TMA ratio was kept at "20:1", and film thickness was controlled by setting the total number of DEZ cycles to 900. The deposition details are provided in Table S2 . Finally, the optimization of the sheet resistance was achieved by varying the thickness of the AZO films via changes in the number of DEZ cycles from 900 to 2700. The deposition details for this batch of samples are shown in Table S3 . 
Additional information for AZO film optimization DEZ/TMA ratios series
The deposition details for the AZO films are shown in Table S1 . The temperature during the ALD process was 200 o C and film thickness was controlled by setting the DEZ cycle number to 900. The photoelectron spectroscopy in air (PESA) spectra collected for the various ALD-grown AZO films are shown in Figure S2 ; the estimated work-function (Ф) values are shown in Figure   1a . The sheet resistance values were inferred from 4-point conductivity measurements ( Figure   1a ). The carrier concentration and Hall mobility data were obtained by Hall effect measurements (Figure 1b) . The resistivity data pertaining to all AZO samples subjected to these two measurements is shown in Figure S3 . The slight difference in resistivity observed from the 4-point and the Hall-effect measurements may come from the following two setup-related parameters: (i) measurement setup (linear 4 point for 4-point system; van der Pauw at 4 edge for Hall effect system), (ii) contact metal difference (Pt for 4-point system; In solder for Hall effect system). The UV-Vis transmittance spectra for AZO films grown at various DEZ/TMA ratios are shown in Figure S4a ; the transmittance spectra cutting edge shifts to lower wavelength, indicating a widening of the optical bandgap. The tauc plots of these films are shown in Figure S4b , and the extracted optical bandgap values ( Figure S4c ) confirm the bandgap increase upon Al doping. 
where σ is the standard deviation, μ is the arithmetic average value of the devices' PCE, N is the total number of devices used in the determination of the standard deviations. and AZO-based device; the TPC data were recoded under light intensity comparable to 1 sun.
